In this paper, the design of a synthetical absorber with topology optimization resistance frequency selective surface and metal wires array structure is proposed. This design attempts to provide a broadband strong absorption over wide-angle incidence at microwave band, especially for TE-polarization wave. Commonly, thickness is positively correlated with the absorption performance, and the thin thickness with high absorption of the absorber is taken into adequate consideration in our work. As a result, the optimal structure designed by genetic algorithm achieves absorption over a wide frequency range of 8.2 to 19.5GHZ with reflection below −10dB and the broadband absorption is tolerant for the incident angle under 70 degrees (high absorption less than 60 degrees). The results of experiment and simulation are highly consistent. What's more, the thickness of the resistive frequency selective surface and metal wires' dielectric substrate are 2mm and 0.4mm respectively, enabling a wide range of applications in stealth technology, electromagnetic radiation protection, electromagnetic control and so on.
I. INTRODUCTION
Over the past few years, metamaterial absorbers (MAs) have provided extensive applications in the field of electromagnetic control system [1] , stealth technology [2] , sensor [3] , [4] , and so on. According to the special performance of metamaterial [5] - [7] , a perfect MA was proposed by Landy, which emerges high effective absorption in dual-band or multi-band [8] . To achieve broadband absorption, the absorber consisting of meta-material structure and dielectric substrate was proposed [9] - [18] , and many researches have utilized such resistance frequency selective surface (RFSS) to reduce reflection in microwave band [19] - [22] . Another method is the plasmonic structure, which via the configuration of metal wires overlapped in vertical space, can obtain the continuous wide and high effective absorbing band [23] - [27] . In design methods, the topology The associate editor coordinating the review of this manuscript and approving it for publication was M. Saif Islam . optimization design with polarization-insensitive was used by Sui to realize an ultra-broadband RFSS absorber [28] , by which, the periodic structure, the dimension of the cell and the material parameters can be optimally designed simultaneously by intelligence algorithm such as genetic algorithm (GA) and particle swarm optimization (PSO) [29] - [32] . In the spatial k-dispersion engineering, meandered-wireshaped vertical MA was proposed by Shen, and different length of wires with different cut-off frequencies were coupled together to achieve the ultra-broadband absorption [33] .
Both the aforementioned methods put up wide and high effective absorption over 90% when microwaves illuminate vertically on the MAs or with small angles. However, with the wave incident angle increased, MAs' performance decreased, especially for TE-polarization waves. General MAs show 90% absorption in their working band from 0 to 30 degrees incident angle, while only 80% at 40 degrees, and less at 50 degrees. In applications, the incident is not always at a small angle, so it is necessary to research a broadband absorber with high effect in the range of large incident angles.
In this paper, a synthetical absorber with surface resistive patches topology optimization design and metal wires array (MWA) structure in vertical space is proposed. The topology optimization method was developed based on GA, utilizing a binary coding matrix to design 1/8 of the surface cell, building the whole cell by topology, and stick a thin array of double sides metal wires on the surface in both x and y directions. As a result, the synthetical absorber with broadband and wide-angle performance is achieved, and its absorption is more than 90% in range of 8.2 ∼ 19.5GHz at low incident angles (0 to 30 degrees), 8.5 ∼ 18.1GHz at 40 degrees, 8.8 ∼ 17.4GHz at 50 degrees, and is more than 85% in range of 9.0 ∼ 17.3GHz at 60 degrees.
II. THE SYNTHETICAL ABSORBER DESIGN AND OPTIMIZING STRATEGY
According to the mechanism of GA, the defined length of the chromosome decides the code number and the iteration speed. In this paper, owing to the polarization-independent requirement MA needs, the code optimization strategy is to design 1/8 surface cell, through mirror symmetry and central symmetry to obtain the whole cell, which makes the calculation of GA faster. As shown in figure 1(a), the coding area is divided into M × N (in this paper 6 × 3) mesh marked by 0 or 1. Code 0 means nothing in the mesh, and code 1 means the resistive patch in the mesh. Figure 1 (b) shows the schematic of the unit metal wires structure in the vertical space. Both x and y direction are the same as depicted. The cell structure consists of five equal length metal wires at left and right sticking on the two sides of the dielectric substrate, whose length is l, width is c, thickness is t (0.017mm in this paper), and the periodic size of wires is s. The height of thin dielectric substrate unit is h.
The schematic of the proposed structure is shown in figure 1(c), in which consists of a periodic array of the unit cell. The synthetical absorber is composed of four layers: the MWA structure on the top layer; the resistive patches with topology structure on the second layer; the third layer is the F4B substrate; the bottom layer is a metal slab copper with the electric conductivity σ = 5 × 10 7 S/m. The unit cell dimension: p is the length of the unit; w is the gap width between two cells; d is the thickness of the F4B substrate, Ohm is the square resistance value and the dimension of each resistive patch is a = (p − w)/12. The configuration parameters are coded in binary code and are decoded as follows: 4 and Ohm 1 ∼ Ohm 3 are binary codes in total of 13.
A numerical simulation is performed for the synthetical structure with a commercial software of CST Microwave Studio and optimized by GA using Matlab. The boundary conditions of x and y direction are set at unit cell, and a plane wave is incident downward on the synthetical absorber with the excitation source Zmax. Transmission T (w) and reflection R(w) are obtained from S-parameter S 11 (w) and S 21 (w) . Owing to the bottom layer copper slab, S 21 (w) is sufficiently close to zero in the simulated frequency range. Hence, the absorption is calculated as:
where, R(w) = |S 11 (w)| 2 ; T (w) = |S 21 (w)| 2 . (In our work, the cross-polarized reflection is under −20dB, which can be negligible to the absorption calculation). The absorber optimization design is a multi-objective optimization problem, so the absorption, frequency band and working time are considered simultaneously in calculating the fitness function and choosing population size and generation number in GA. In the simulation frequency range [f min , f max ], the optimization goal is to make the bandwidth of the high-effictive absorption maximum. In our work, the requirement of absorption is defined not less than 90%, and the fitness function is set as follow:
where F i is each continuous bandwidth that meets the absorbing standard. Equation (3) reveals that the wider the total of bandwidth, the smaller fitness value will be, purporting the better absorbing effect should be got. Combining with CST simulator and optimum algorithm program based on Matlab, the joint simulation system has been set up. Figure 2 (a) illustrates the flow chart of the process of topology optimization based on GA. In this joint simulation, the modeling and simulation in CST are controlled by programs of Matlab, then the simulated results are further calculated in Matlab to obtain the fitness and proceed evolutionary iteration by GA. In GA, 50 populations are randomly set in the initial generation with chromosomal length 31 (The first 18 bits define the distribution of resistive patches in 1/8 unit cell and the last 13 bits define the value of p, d, w and Ohm sequentially), and the selection scheme is tournament selection with one best individual reproduced, completing the uniform genetic and mutation process. The crossover rate is set as 0.8, the mutation rate is set as 0.1, for which adequate inheritance and population variability are ensured. The stop condition is related to the fitness value whether meets the goal or the limited number of iterations set as 15. (According to several iterative tests, the average times of iteration 6 is obtained, such as figure 2(b). thus, 15 is enough for this fast GA.)
The optimization results after 15 iterative evolutions has been got, which are shown in figure 2(b) and (c). Figure 2(b) shows the best and mean fitness in an overall downward trend during GA process. Figure 2 (c) indicates the best individual's coding distribution of the GA optimization, in total 31 binary codes, including 18 topology codes and 13 parameter codes, such as parameters p = 6.2mm, w = 0.4mm, Ohm = 50 /sq, d = 2mm and the distribution of resistive patches shown in figure 1(a). What's more, when the height of the array of metal wires h is set 2.2mm, the length l, periodic size s and width c of the unit vertical structure shown in figure 1(b) optimized by GA are 2.4mm, 0.4mm and 0.2mm, respectively.
In this paper, the virtue of Survival with the fittest in natural selection, and criteria of biological evolution, are utilized to the RFSS design, which via GA to get the optimal structure parameters in setting conditions and achieve the optimal effect. The modeling of GA is to decide the distribution of resistive patches, dimension of the structure introduced before, operating preservation, inheritance and mutation to become optimal fast, possessing the good completeness and feasibility.
III. SIMULATION AND EXPERIMENT
According to joint optimization simulation results, the absorber achieves TE-wave absorption more than 90% from 8.2 to 19.5GHz with low incident angles (0 to 30 degrees), 8.5 to 18.1GHz with 40 degrees, 8.8 to 17.4GHz with 50 degrees. When at 60 degrees, over a frequency range of 9.0GHz to 17.3GHz with the absorption more than 85% can be achieved. For TM-polarization, the increasement of absorption is not significant owing to its inherent tolerance under different TM incidences.
In figure 3 , the absorption of the synthetical absorber at incident angle from 0 to 70 degrees under the excitation of both TE and TM polarized waves are described. Comparing figure 3(a) and (b), it is obviously to see that the synthetical structure effectively slows down the downward trend of absorption, expands effective absorbing band and increases the absorbing peak at 10.28GHz simultaneously. Figure 3 (c) and (d) show the local small difference between absorber with MWA and not with it under TM-polarization incidence, verifying well performance of metasurface absorber for TM wave under wide angles. Thus, it is more necessary for us to focus on broadening the high-effective absorbing band of TE wave under different incidences.
Theoretical analysis is taken to interpret the simulation results for figure 3(a) and (b), the fundamental absorption is implemented by the optimization topology resistive patches on the surface of the F4B substrate. However, only resistive patches cannot achieve a wide range high effective absorption at high incident angles in a thin thickness. So, the array of wires structure in vertical space is produced to expand bandwidth and add absorbing peak over the band, strengthening the performance of absorption. It is delightful to obtain the desired results after a series optimization processing.
In figure 4 , simulations of different sheet resistivity at 50 degrees incident angle are indicated. Resistance with 50 /sq is the optimal sheet resistivity for this structure, namely the better impedance match, lower of it the wide bandwidth will separate into two band, higher of it the band will become narrow gradually. For a deeper understanding of the physics of the suggested synthetical absorber, the surface current of the metal array at 10.28GHz, the x, y directions and surface power loss density at 10.28GHz, 12.73GHz, 15.00GHz at 50 degrees TE-polarization incidence are depicted in figure 5 , respectively. Figure 5(a) is the front and back views of the surface current watched from y direction, figure 5(b) is the front and back views of the surface current watched from x direction. It can be obtained that when the y(TE)-polarization wave is incident at 50 degrees, the same direction current of front and back view of the MWA surface and local field enhancement exist at two side of the section yoz, which makes great loss in electromagnetic energy in the horizontal component. Meanwhile, according to the high permittivity of the MWA, which makes the incident wave deflect to the vertical direction, equivalent to abate the incident angle to the resistive surface, making the resistor film play a better role.
Owing to the decrease of the incident angle to the resistive surface mentioned before, figure 5(c) is to show power loss of the synthetical structure at different frequencies further. The metal wires structure reveals its strong resonance inside vertical F4B substrate and adjust incident angle to the surface at 10.28GHz, 12.73GHz and 15.00GHz. And the surface power loss density distribution at the above three frequencies is evident that EM field is resonantly localized and absorbed at some different situations of the resistive patches. Hence, the advantages of the array of metal wires placed in vertical space of the resistive optimization topology surface is verified to achieve the broadband and high-effective absorption over wide range of incident angles.
The whole synthetical structure shown in figure 6 (a) consists of two parts: (1) The resistive patches, mounted above a grounded F4B substrate, are made of carbon pastes utilizing screen printing and spraying technique, whose resistance is controlled by the mesh number and spraying times and measured by the four-point probe method [34] . (2) The array of metal wires, placed x and y direction, comprises copper wires adhere to the F4B substrate on both sides.
The total size of the fabricated synthetical absorber is 217mm × 217mm × 4.2mm, composed 35 periodic cells in surface, arranged in x and y directions. Figure 6(b) indicates that the measurement is performed by using an Agilent 8720ET network analyzer with two horn antennas working at different microwave frequency bands, one antenna was used to transmit EM wave and the other one was used to receive EM wave. This work was carried out in a corresponding anechoic chamber and the TE-polarization incident waves are tested at 0, 30, 40 and 50 degrees by adjusting the angle instrument. The measured results are depicted in figure 6(c), and it is obvious that the experimental and measured results are unanimous, except some differences from 6GHz to 7.5GHz. This error might be caused by the slight gaps in fabrication and the fluctuated sheet resistivity in screen printing. The whole simulation and measurement results verify the merit of the proposed synthetical absorber. Recently, water-based and three-dimensional metamaterials were proposed to improve absorber's performance and achieved the increasement of wide-angle effective absorption [35] - [39] . To make brief comparisons of TE-polarization absorption between our works and other articles [35] - [39] , the absorbing band and corresponding thickness have been listed in table 1 and 2. As can be seen from table 1, compared with our former works, the absorption of 40, 50 and 60 degrees are strongly improved. Table 2 indicates that our absorber has a wider absorbing band at high incidences with a thinner thickness. When incident angles are 45 and 60 degrees respectively, our work's performance has the closed absorbing band to Refs. 36 but with a thinner thickness. Compared with Refs. 38 and 39 our work achieves thinner and better absorbing performance. A further delight conclusion is that the proposed synthetical absorber with thinner thickness achieves shifting operation frequency bands to low frequency at wide incident angles, which means the proposed absorber achieves a smaller subwavelength MA and verifies the improvement of the wide band high-effective absorber proposed by us.
IV. CONCLUSION
In this paper, a synthetical absorber, composed resistive optimization topology surface and metal wires array structure sticking on the surface in vertical space, is proposed to realize broadband high-effective absorption over wide range of incident angles. To demonstrate the efficiency of the design, simulation and measurement of the absorber are carried out. As a result, the simulation and measurement results strongly confirm the merit of the synthetical absorber with thin thickness, which achieves wide-angle high effective incident absorption over broadband: more than 90% ranging from 8.2GHz to 19.5GHz at low incident angles (0 to 30 degrees), 8.5GHz to 18.1GHz at 40 degrees incident angle, 8.8GHz to 17.4GHz at 50 degrees, and more than 85% over a frequency range of 9.0GHz to 17.3GHz at 60 degrees. 
